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Abstract

The overset mesh method was used for numerical calculation of the movement process of a
moving object in a pipe driven by a pump, the appropriate set solving parameters, such as
mesh scale, iteration, time step, etc., were determined by reducing the fluctuation of the force
applied to the object, the movement process of the object in the pipe from stillness to linearly
increased revolution speed was explored, the movement process and movement law of the
moving objects with different diameters were analyzed, the change in flow field of each
moving object at the gap between it and the dpipe wall was compared, and the effect of the gap
on the fluid force on the object was analyzed in this paper. The simulation results showed that
the forces on and movement fluctuations of moving objects at different gaps were different,
artw)(_j the gap sizes also significantly affected the fluctuations of fluid forces on the moving
objects.
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Introduction

The transient operation of a centrifugal pump exists in many occasions. For example,
underwater weapon launching is a typical engineering application of the start process of a
centrifugal pump. Such process requires the lift and flow of the pump to reach the given
indices within a short time. The pump always is starting until it stably works. This start
process is significantly different from the stable operation process of this pump. When this
centrifugal pump is sued as an underwater launcher, this launching process is equivalent to the
movement process of an object in a ﬁipe driven by it. The problem about the transient
performance of this centrifugal pump which drives the object in this pipe is different from the
previous studies on the start characteristics of a single pump and the flow in the pipe. This
problem leads to correlation between start process of this pump and the movement process of
the object. Thus, it is necessary to further study the numerical calculation of this transient
performance. The proposal of an appropriate numerical calculation method is very important
to predict this dynamic process by the start characteristics of this centrifugal pump and
numerical calculation of the object movement process. The study result will provide a
reference for design and application of the start process of a centrifugal pump.

The study on the transient characteristics during transient start of a centrifugal pump goes all
the way back to relevant researchers’ theoretical analysi[s and numerical calculation of water
hammer phenomenon in the early 20th century. Allievi* proposed a method of solving the
water hammer equation. Schnyder and Bergeron' proposed a graPl?ic method for analysis of
the water hammer phenomenon, respectively. Wylie and Streeter™® systematically discussed
the transient flow mechanism and proposed the theo[ tical model of solving several transient
ﬁrocesses of hydraulic machinery. Akimoto. Narumil® defined the physical concepts of water

ammer and pressure fluctuation and systematically described the calculation method and the
method for prevention of water hammer. In addition, forei Eesearchers did a lot of
experimental studies. For example, Tsukamoto and Tanaka™ 1" experimentally studied
various transient processes of a centrifugal pump, and used high speed photography to capture
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the cavitation damage in the transient processes. Domestif; researchers did a lot of studies on
the transient start characteristics of a pump. Wu Dazhuan'® used MRF method for numerical
simulation of transient start process of one centrifugal pump to olelma the development
process of flow field in the transient start process. Wang Legin et al ®'™*! used power bond
graph method to build a mathematical model for start process of a vane pump, and proved the
applicability Pf the power bond graph method by comparing with the experimental results. Li
Zhifeng et al™ did a lot of experimental studies on the various transient processes of a vane
pump and used the moving mesh method and large eddy simulation technique for unsteady
numerical simulation of the start process of a centrifugal pump; their studies showed that one
transient pressure shock phenomenon existed in the pump during quick start, and the lift
increased with increasing revolution speed; when the revolution speed reached a maximum
value and was steady, the transient performance became steady state performance, ?Hd the
flow increment showed a lag effect in the transient start process. Hu Fangfang et al. "4 used
the moving mesh method for numerical simulation in the transient start process of a
centrifugal pump, and their simulation results showed that a Iar%e eddy zone, which existed in
the impeller channel during start, gradually shifted from impeller outlet to the middle of the
impeller channel in the start process.

Relevant studies showed that the study on the transient characteristics of a pump by sliding
mesh method is relativel?; mature. The movement of an object in a pipe is usually studied bP/
sliding mesh method, which requires call by value through an interface between pipe wall
zone and object zone, and use of dynamic layering method to split and merge the mesh layer
at boundary between moving zone and stationary zone according to the change in height of
the moving mesh at the boundary. To ensure the calculation accuracy, sliding mesh method
requires mesh densification in the pipe wall zone and object zone. A very small gap between
the pipe wall and object will greatly increase the number of meshes. In addition, the mesh
splitting and merging at the boundary also increase the additional calculation load. The
overset mﬁsﬁ method is an important mesh method to process the relative movement of an
object | . In this method, computational mesh is split into many overset or overset
submesh. When an object is moving, the body-fitted mesh moves. The numerical calculation
is performed on each submesh, and information transfer of the flow field is achie[v?[d by
interpolation on the overset submesh. It should be noted that the sliding mesh method ™/ is
a special overset mesh method with minimum overset area. The main advantage of the overset
mesh method is to reduce the difficulty in mesh generation, enhance the mesh generation
flexibility, guarantee initial mesh quality, and inherit the initial solver better. A mesh zoning
strategy, the overset mesh method is very favorable for parallel calculation. When the overset
zone 1s moving, the interface for the sliding mesh method need not be artificiaIIK defined and
the mesh at the interface need be split and merged by dynamic model. Thus, the number of
meshes can be reduced and the mesh splitting and merging time can be saved when the
overset mesh is used for the object movement In a pipe. However, the overset mesh quality
greatly iqfl&:ences the value solving accuracy and convergence rate. The author of the
literature "' proposed the advice on meshblock and hole boundar%/ position, overset zone size,
and mesh quality at the overset zone, An overset mesh method suitable for the object
movement in a pipe was studied in consideration of relevant advice in this paper.

Calculation Assumption and Physical Model

In the simulation calculation, it is assumed that the revolution speed of a pump is linearly
increased to 960 rpm within 5 s, i.e. transient speed, N=960/5*t, and the effect of the gravity
on water and moving object is negligible.

Continuity equation:

V.i=0 (1)

Momentum equation:

p%l:+ pdiv(ud) = 4V2u—-Vp 2.)

p%+pdiv(vﬁ) = VvV -Vp (3.)



p%+pdiv(wﬁ) = uV*w-Vp 4.

Turbulence model: The turbulence model used in this paper is k—@ SST model. k—w
model was initially proposed by Wilcdx*®, and its advantage is the processing of near wall in
calculation at low Reynolds number. It does not the complicated non linear damping function
required in the k —& model, and therefore is more accurate and steadier than k —& model.

k and @ meet the following transport equations:

D(pk) . o . ok
_pP— K4+ — - 5.
Dt x — B po +axj [(ﬂwﬂT)@Xj] (5.)
D(pw) yowP, , O ow
_ _ o o 6.
b A o) 2] (6)
* k
=12 (7)

Menter believed that the initial k —& model was very sensitive to free flow conditions .

The calculation results from the model are very different at different @ values at the inlet. To
solve this problem, Menter developed a method: k —@ model was used for the near wall;
k —& model was used for the outside of the boundary layer, and both the turbulence models
are used for the inside of the boundary layer. The k —@ SST model equation is as follows:
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Where R, =1 a—' is turbulence kinetic energy production term. For all the parameters in this
X .
J
equation, see the above literature.

Calculation Model

Geometry Model and Boundary Conditions

IS 65-40-250 centrifugal pump in chemical industry was used in calculation. The appearance
dimension of the moving object was shown in Figure 1.The objects had the diameter, D, of 80
mm, 90 mm and 100 mm and were expressed as Object-A, Object-B, and Object-C,
respectively. One object was installed in transparent pipe with inner diameter of 120 mm. The
pump had two pipes with the inner diameter of 32 mm at its ends. One end is connected to a
water tank (During calculation, the change in water level was negligible, and the boundary
conditions of a stagnation inlet were used), and the other end was transitionally connected to
the transparent pipe with inner diameter of 120 mm. The arrangement and boundary
conditions were shown in Figure 2.
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Figure 1. Appearance Dimension of Moving Object
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Meshing

A computed field mainly is divided into four zones, pump inlet pipe zone, rotary zone, pump
outlet pipe zone and moving object zone in the sequence of water flow. In this paper,
Trimmer mesh method was used to give pipe zone, rotary zone, and pump outlet pipe zone
during numerical calculation. The polyhedral mesh method was used to give a motion zone.
Different mesh sizes are used. The calculated forces on the objects were compared. It was
found that the forces on the objects fluctuated very sharply, and the force fluctuation was not
significantly improved after mesh densification and reduction of time step. Finally, the mesh
size was set to 0.002 m considering that a lot of time was spent on calculation. The meshes at
each zone generated the boundary layer meshes (Figure 3). Two pipe zones were connected to
the rotary zone including pump vane by the interface, while the independent zone including
the moving object was connected to the pipe zones by Overset Mesh Interface.

B) Initialized overset mesh
Figure 3. Mesh in Computed Field (Object-C)
In the overset mesh method, the calculation was performed by mesh overlapping. This method has
such as significant advantage that it can solve the problems of very complicated relative
movement at some zones, solid contact in space, etc. However, these problems always are
impossibly solved by discontinuous mesh method. The overset mesh mechanism is calculation
information transfer between two different zones by overset meshes. Its principle is as follows: In
the case of calculation by the overset mesh method, the meshes between two zones (master zone
and slave zone) are overset. Based on the interpolation information of the slave zone, the overset
zone will re-generate combined overset mesh according to the connection information of the point
of the adjacent mesh outside the overset zone as well as the interpolation of the point of the mesh
at the overset zone edge and master zone after the calculation begins. In the calculation of the



combined overset mesh, the point of the adjacent point outside the overset zone and the point at
the overset zone edge are regarded as the boundary points. The values are transferred and
exchanged between the mesh at the slave zone and the mesh at the master zone by interpolation.
(8] The operation procedure of the overset mesh method mainly consists of five steps: (1) two or
more computed fields are created: the background zone covers the flow zone of the far field, and
the independent zone surrounds the moving object of concern (overset bodies); (2) all the zones
are independently meshed; here would be an overset mesh zone, where the meshes from different
zones are overset at one place; (3) the outer boundary of the overset body (overset body) is set to
“Overset Mesh”, and “Overset Mesh Interface” is built in the two computed fields; and (4) with
moving overset body in the background zone, the overset zone will change; and (5) The
information is transferred in two zones by the overset mesh.

Result and Analysis

During calculation, the time step is 0.005s, the six degrees of freedom solver has the number
of solving steps of 15 and maximum number of internal circulation steps of 40, and the
residual error is set to less than 0.001 in the condition of convergence. A double core (Intel
Xeon E5-2680 v4 14C 2.40GHz) workstation is used for calculation, 18 threads parallel
calculations of 5s movement takes about 20 days.

The forces on Object-A, Object-B, and Object-C applied by the fluid in a pipe are shown in
Figure 4. With decreasing gap between the object and pipe wall, the forces on the moving
objects fluctuated very sharply. With increasing revolution speed of the pump, the force
fluctuation increases. The fluid forces on three moving objects are in the reverse direction of
water flow (positive direction of y-axis) and continuously increase at the time between 2.2s
and 2.7s and between 2.7s and 3.2s. The fluid force on Object-A and Object-B sharply
reduces at the time of 3.5s and 3.7s, respectively, but that on Object-C does not sharply

reduce.
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Figure 4. Calcul(a]ted Force
For different moving objects in the pipe, the fluid force on the pump vane (Figure 5) and torque
(Figure 6) change similarly over time, indicating that the loads on the pump vane are not
significant different when the pump vane drives the moving objects with different diameters to
move mainly because the objects do not significantly affect the flow resistance in the pipe. The
change in mass flow (Figure 7) also accounts for this phenomenon.



Fluid force on blade(Object-A)
01k = - = Fluid force on blade{Object-B »
s T L Fluid force on blade(Object-C)
. 02r
=
o
03
-0.4
05 | | 1 1 1 1 | 1 1 | | | | |
0.00 0.32 0.45 0.55 063 071 077 0.54 089 095 1.001.051.101.141.18

time(s)

Figure 5. Fluid force on vane
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It was found by comparing the fluctuations of the fluid forces on Object-A, Object-B and
Object-C (Figure 8) that the force fluctuation closely related to pump revolution; the force
fluctuation had the same main frequency as the vane; with decreasing gap between the moving
object and pipe wall, the force fluctuated more sharply because the differential pressure on the
moving object dominated and the pressure fluctuation caused by pump revolution could be

transferred by the fluid to the downstream.
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Figure 8. Fluid Force Fluctuation (Time scale as the inverse number of vane frequency)

It could be seen from comparison of fluid forces on all the objects that a law of force
fluctuation existed, but the high pressure fluid from the pump flowed away from a big gap
without force on the object (Figure 9), so the forces on Object-A, Object-B and Object-C were
significant different and finally affected their movement processes as shown in Figure 10 and
Figure 11. it could be seen that Object-C always moved to the outlet, whereas Object-A and
Object-B moved in the reverse direction because the high pressure fluid flowed through the
gap before a high pressure first and then a low pressure, which stopped the forward
movement of the object, occurred in the front of the object (Figure 12).
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The pump revolution would lead to pressure fluctuation of the water flow at the pump outlet; with
increasing revolution speed of the pump, both fluctuation frequency and magnitude increased,



resulting in increasing force fluctuation on the object. However, the force on the object fluctuated
more greatly when the gap was reduced, especially when Object-B and Object-C moved more
slowly than Object-A (Fig. 7), maybe because the limited calculation capacity of the overset mesh
method, which required mesh densification at the gap according to the gap dimension or improved
the fluid force by further reducing the time step, leaded to impossible numerical calculation on a
smaller mesh scale in this paper.

Conclusions

The overset mesh method was used for numerical calculation of the movement process of a

moving object in a pipe driven by a pump, the fluctuation of the fluid force on the moving

object is minimized by relevant settings, and the movement processes and laws of the moving
objects with different diameters were analyzed in this paper. The following conclusions are
given:

1. The fluid forces on the moving object have the same fluctuation frequency as the vane;

2. The vane had the same fluid forces and torques when the pump was driving different
moving objects;

3. Object-A, Object-B, and Object-C moved in a law, but differently. In particular, Object-B
and Object-C moved in the reverse direction mainly because of a pressure difference
between before and after the object. This maybe did not match with the actual situation
maybe because the time step used for calculation in this paper did not meet the calculation
of the flow field at high vane frequency. Thus, the calculation will be improved by further
mesh densification or time step reduction if the calculation condition permits.
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